In this paper, Integrated Valuation of Ecosystem Services and Tradeoffs (InVEST) water yield model, based on the Budyko framework which is relatively simple and requires less data, has been applied in Sutlej River Basin, located in the eastern Himalayas and in Tungabhadra River Basin, located in peninsular India. The effect of extrapolation of the lumped Zhang model to distributed model (InVEST) has also been analyzed. We also determined the most suitable method for calculating reference evapotranspiration among three different methods, i.e., modified Hargreaves, normal Hargreaves and Hamon's equation. It was found that modified Hargreaves method is the most suitable one under limited data conditions although in certain stations in Tungabhadra River Basin, this method is not applicable. We also observed that the InVEST model performed well in the Sutlej River Basin although a certain proportion of the basin is snow covered. The results from the study also show that errors in climate inputs will have significant influence on water yield as compared to other parameters, i.e., seasonality constant (Z) and evapotranspiration coefficient (K C ). In the case of the crop dominated Tungabhadra River Basin, both seasonality constant (Z) and evapotranspiration coefficient (K C ) have comparatively greater sensitivity as compared to the Sutlej River Basin.
INTRODUCTION
Hydrological ecosystem services (ES) often include drinking water supply, power production, industrial use, irrigation, and many more. These hydrological ES are dependent on different watershed characteristics such as land use and land cover (LULC), soil type, topography, and climatic conditions. LULC has a dominant influence in producing spatial variability of ES and tradeoffs. With the change in different ES due to climate change, proper analysis and quantification of ES are playing a major role in policy-making of a country. Proper analysis of ES is not easy but rather complicated due to its spatial variability and dependency on so many topographical and climatic factors. The benefits which are derived from ES, should be analyzed and quantified in a spatially explicit manner. Sound quantification techniques also play a crucial role in ES assessment (Burkhard et al. ) . Over the years, Hamel & Guswa () analyzed the uncertainty of the water yield model in Cape Fear catchment, North Carolina and found precipitation as the most influencing parameter and Z parameter as comparatively more sensitive than K C within the specified range.
To the authors' best knowledge, no significant work has been done using InVEST in a hilly catchment. In this paper we have used the water yield model of InVEST. We have applied this model in a hilly catchment, Sutlej River Basin (up to Kasol gauge station), with aridity index ranging from 0.139 to 2.39 with a mean of 0.764, situated in the eastern Himalayas and in one peninsular region, Tungabhadra River Basin (up to Haralahalli gauge station), with aridity index ranging from 0.22 to 1.98 with a mean of 0.949, in Karnataka, India and determined the performance of this model in these regions. Some parts of the two regions have a humid (0.75 > PET/P ! 0.375) and subhumid climate (2 > PET/P ! 0.75) and also semi-arid (5 > PET/P ! 2) (Sutlej River Basin (up to Kasol gauge station)), depending upon aridity index (PET/P) as described by Ponce et al. () . Different equations (modified Hargreaves, normal Hargreaves, Hamon's equation) for calculating ET 0 have been used and potential applicability of these methods discussed for the basins. We have also compared the model outputs with the observed field data and with estimated values of the lumped Zhang model. The sensitivity of different parameters, which are responsible for determining the amount and nature of water yield from the study area, has also been discussed.
STUDY AREA AND DATA
The whole study includes two sub-areas which are discussed below.
Sutlej River Catchment
Sutlej River Catchment (up to Kasol gauge station) as shown in Figure 1 , has an approximate area of 51,071.39 km 2 . The whole basin has been delineated into 23 sub-basins (Table 1) . 
Tungabhadra River Catchment
The other study sub-area is Tungabhadra Catchment (up to Haralahalli gauge station) which is a peninsular region, as shown in Figure 2 . 
Background theory
The water yield model is based on an empirical function which is known as the Budyko curve (Budyko ). The model runs on a gridded map. In this model, water yield Y(x) is determined for each pixel (x) on the landscape as follows:
where
The InVEST model uses an expression of the Budyko curve by Fu () and Zhang et al. () :
where PET x ð Þ ¼ potential evapotranspiration on each pixel (mm); ω x ð Þ ¼ a non-physical parameter that characterizes the natural climatic soil properties.
Again, PET(x) is calculated by the following expression:
where ET 
From the above expression, we can see that the minimum value of ω x ð Þ is 1.25 for bare soil where root depth is zero (Donohue et al. ) . Here, Z is known as seasonality factor whose value varies from 1 to 30. It depicts the nature of local precipitation and other hydrogeological parameters.
AWC(x) is the volumetric plant available water content expressed in depth (mm) which can be calculated by the following expression for each pixel x:
Root restricting layer depth is generally defined as soil depth up to which soil can allow the penetration of roots and root depth is defined as the depth where 95% of the root biomass occurs. PAWC is generally taken as the difference between field capacity and wilting point. 
Determination of Z parameter
The 'seasonality factor' Z varies depending upon the local pre- 
Sensitivity of the model to Z and K C
In our study, we have analyzed the sensitivity of Z and K C parameter for the two regions. The work of Tallis et al.
() has shown the uncertainties in choosing Z parameter.
As Z is also dependent on AWC, so it also depicts the sensitivity of AWC as well. In this study, the baseline value of Z has been calculated by means of Equation (4). The mean value of ω (ω ¼ 2.06 for Sutlej River Basin and ω ¼ 2.02 for Tungabhadra River Basin) has been estimated as suggested by Xu et al. () . The mean values of available water content (AWC), calculated by means of Equation (5) and precipitation (P) for the whole basin, have been used in Equation (4) to find out the baseline value for each study area. A baseline value of 13 has been used for Sutlej River Basin (up to Kasol gauge station) and a value of 10 has been used for the Tungabhadra River Basin (up to Haralahalli gauge station). All the Z values are taken at whole watershed level. We have varied the values of Z in between 1 and 30 and observed changes in water yield at watershed level. We have also calculated the value of Z via calibration.
Due to lack of exact rain events data we could not use the method specified by Donohue et al. () .
From the work of McMahon et al. (), it has been
observed that it is quite difficult to estimate the values of K C for forest exactly, due to variation of K C depending upon different characteristics of trees in a forest. We have chosen the baseline value of K C of forest as 1 from the FAO 56 guidelines (Allen et al. ) and varied the value between 0.7 and 1.1 as it is expected to remain to be so for both the catchments. But the Tungabhadra River Basin (up to Haralahalli gauge station) is mainly crop dominated. Thus we have taken the baseline value of K C as 0.75 for crop and then varied the value between 0.7 and 0.9 as it is expected to be so in that watershed and determined the changes in water yield with respect to baseline run, which is shown in Table 4 . We have also varied the values of precipitation and ET 0 and compared the results with the baseline run for each of the basins. The ranges of sensitivity analysis of different parameters are given in Table 5 .
Comparison of lumped Zhang model and distributed
InVEST model For calculating the value of ω, we calculated the average values of P, PET, AWC, and baseline value of Z for each study area. AET for vegetated areas have been calculated using Equation (2) and for non-vegetated areas AET has been calculated as Min Kc × ETo, P ð Þ : Last, the water yield from both vegetated and non-vegetated areas are area-weighted averaged to get the final water yield output.
Performance of the model
Performance of the model has been assessed by comparing the model outputs with the observed data for both the catchments. We have run the model with the baseline values of Z and also tried to calibrate the model by varying the Z parameter. Uncalibrated model run is necessary to find out the sensitivity of different parameters of the model.
Uncalibrated model run
We tried to find out the appropriateness of the method of determining Z using the value of ω given by Xu et al.
(). We have taken Z value as 13 for the Sutlej River
Basin (up to Kasol gauge station) and 10 for the Tungabhadra River Basin (up to Haralahalli gauge station) for the baseline run. The changes in water yield with the changes of K C , P, ET 0 in both of the catchments and the dependency of the model on these parameters are found from these analyses.
Calibrated model run
The model has been calibrated by eliminating the error that 
RESULTS

Sensitivity of the model to climate, Z and K C
In the case of the Sutlej River Basin (up to Kasol gauge station), precipitation is the most sensitive parameter, 10% increment of which results in 16.52% increase in water yield with respect to baseline run. A 10% increment in ET 0 decreases the baseline water yield by 5.51%. The baseline value of Z is taken as 13 and a change of Z value from 13 to 1 results in 22.8% increase in water yield, and a change of Z value from 13 to 30 results in a 2.4% decrease in water yield. A 30% change in K C results in 1.28% change in water yield within the specified range of K C values (0.7 to 1.1 for forest), which shows that Z parameter has more effect on the water yield within its range (1-30) than K C if we restrict the value of K C within its probable specified range. Otherwise, K C is more sensitive than Z parameter if no specified range is given.
In the case of Tungabhadra River Basin (up to Haralahalli gauge station), a 10% increase in precipitation results in 19.6% increase in water yield with respect to the baseline. 
Calibrated model run
The model is calibrated by varying the Z parameter for each of the two catchments. We observed that for the Sutlej River Basin (up to Kasol gauge station) we could not calibrate the model, i.e., the simulated model output value could not be matched with the observed water yield value by varying the value of Z parameter within its range of 1-30, due to low sensitivity of Z parameter. The baseline and calibrated values of Z of each catchment are given in Table 6 .
Limitations of using modified Hargreaves method
Use of the 'modified Hargreaves' equation ( A comparative study among the three methods (Table 7) shows that the use of modified Hargreaves method for Figure 5 | Variation of % change in water yield with respect to baseline water yield (when KC ¼ 1 for forest and KC ¼ 0.75 for crop (Tungabhadra River Basin)) with changes in KC value for the two basins. Here % change in K C value is plotted by the x axis and % change in water yield is plotted by the y axis. Figure 6 , the months along with their corresponding monthly precipitation (P) and TD (difference between mean daily maximum and mean daily minimum temperatures) are highlighted when the modified Hargreaves method is not applicable in the corresponding gauge stations. In Figure 6 , it is shown that in the case of Tungabhadra River Basin (up to Haralahalli gauge station), modified Hargreaves is not applicable mainly in the months of June, July, and August. The months and their corresponding values of mean annual precipitation (P), mean monthly maximum (T max ) and minimum temperature (T min ), and difference between T max and T min , i.e., TD when the modified Hargreaves method is not applicable, are shown in Table 8 . In the case of Sutlej River Basin (up to Kasol gauge station) and for Tungabhadra River Basin (up to Haralahalli gauge station) the values of Z are 13 and 10, respectively. As a result, the Z parameter is more sensitive in the Tungabhadra River Basin. As Z is also correlated to AWC, root depth and topographical and hydrological properties, so error in these values may also impart some error to the model. In a previous study, Hamel & Guswa () found Z parameter to be less sensitive when it remains within the moderate range of 14-22 for Cape Fear Catchment, North Carolina.
We have also found the same, i.e., less sensitivity of Z parameter to the model output in both the regions where Z ¼ in change from baseline water yield by 1-8%. Thus when the combined effect of K C for both forest and crop is considered, then K C has greater influence in Tungabhadra River Basin than Sutlej River Basin (up to Kasol gauge station). As
PET is the product of K C and ET 0 , so a change in K C results in variation along the Zhang curve for a given value of ω.
Comparison of lumped Zhang model and distributed
InVEST model
First, this gives an insight into the difference using the InVEST model which runs the Budyko theory at pixel to pixel level using Equation (2) 
